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This paper describes the reactive sputter deposition and optical charact- U
erization of GeO X where x lies betwen 1.85 and 2.30. The filns were [J
grown by sputtering a Ge target in 0 2-bearing atmospheres containing 0 to
80% Ar. Films deposited in 0 to 60% Ar were nominally germania. However,
transmission in the UV-visible, the strength of the 245nm defect center,
the optical absorption coefficient, and the optical energy band gap were
strongly influenced by the presence of Ar in the discharge. Films de-
posited in gas containing 80% Ar were substoichiometric germania.",-

I. INTRODUCTION

This paper describes the near infrared-visible-near ultraviolet optical be-

havior of glassy GeOx films where x lies between 1.85 and 2.30. The films were

grown by reactive sputter deposition using a Ge cathode and rf-excited, 02-

bearing discharges containing 0 to 80% Ar.

Spectrophotometry was used to determine transmission and reflection char-

acteristics from which the refractive index, the absorption coefficient, and

the optical band gap were calculated. Chemical analysis using Rutherford back-

scattering spectroscopy was carried out. Combined optical and chemical data

allowed conclusions to be drawn about atomic order in the films as a function

of sputtering gas composition.

Germania was chosen to study because we want to increase our understanding

of the growth of tetrahedral oxide glasses from the vapor phase. Many years

have been devoted to investigating the atomic order, defect structure, and
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crystallization kinetics of fused germania (1-12). However, a solidification

product from the melt may be very different from a material grown from a vapor,

in particular by a deposition process involving exposure of the growth interface

to a plasma. In contrast to the sizable body of literature on fused germania,

there are few basic studies addressing any aspect of thin film growth and

characterization.

II. EXPERIMENTAL PROCEDURE

FILM DEPOSITION:

A liquid nitrogen cold trapped, hot-oil diffusion pumped, rf-excited

planar diode sputter deposition system was used to grow the films. The sputter-

ing target was an 8 cm diameter, 99.9999% Ge disc which was bonded to a water-

cooled Cu cathode. The substrates were Supersil fused quartz flats which had

been chemically cleaned using a chelating procedure and placed in thermal con-

tact with a water-cooled Cu anode. To prevent Cu contamination of the film by

backsputtering of the anode, areas of the anode which were not covered by the

substrates were coated with 100R of Ge. The distance between target and sub-

strate surface was 5 cm.

The chamber was evacuated to a pressure of ix10 -6 Torr and backfilled to

1xl0 - 2 Torr with 99.999% pure Ar gas. The residual gas in the chamber before

backfilling was H20. The target was sputter-cleaned for 45 min using a 300W

Ar discharge with a shutter covering the substrates. The discharge was then

extinguished, the chamber was re-evacuated and backfilled with a particular

Ar-O 2 mixture or 02 alone. 02 of 99.97% purity was used for the depositions.

Discharges containing 20, 40, 60, and 100% 02 were investigated. The target

was sputtered in the 0 2-bearing atmosphere of choice for an additional 45 min
before the shutter was opened and a film was deposited.

FILM CHARACTERIZATION:

Film thickness was determined using a profilometer to measure the height

of a step produced by masking a region of the substrate during deposition. The

instrument-related uncertainty in each measurement was +i00R. The film growth

rate was obtained by dividing film thickness by deposition time.

X-ray diffraction was used to determine whether there was long range atomic

order in the films. None was detected. However, the possibility of microcry-

stallinity cannot be ruled out by this measurement.

Rutherford backscattering spectroscopy (RBS) was used to determine the

relative atomic concentration of Ge and O in the films. An IonX Model 4175

analyzer equipped with 2 Mev He+ + bombarding ions was used.



A Perkin-Elmer Model 330 UV-VIS-IR double-beam spectrophotometer with a

specular reflection attachment was used to measure the transmission and reflec-

tivity of near-normal incidence radiation in the 190-2000 nm wavelength region.

In reflection mode, the instrument was calibrated using a protected Al mirror.

All measurements were made in laboratory air at room temperature, within 12 h

of deposition and again at 6 mo. No aging was observed.

When determining the absorption coefficient a, transmission data was taken

in double-beam mode with a bare substrate in the reference beam path. In this

manner, absorption by the quartz substrate although small (<10%) was subtracted

from the data. For a sample of thickness x and reflectivity R, the transmission

T through the film alone is given by (13):

T = [(1-R)2exp(_)]/[1R 2exp(2 ]. (1)

The optical band gap, as discussed by Tauc (14), was determined from the

relationship:

2 (2)
a hV = A (hv-E (2

4 -1where a> 10 cm and hv is the energy of the incident radiation.

In the region of high transmittance (hv<E ), the index of refraction n(A)

was determined from the position of adjacent interference fringe maxima at A1

and A on the transmission spectra using the relationship 13):* 2

n(A) = 12x[(i/ 1 )-(i/A2 )] - I  (3)

III. RESULTS AND DISCUSSION

Table I records the discharge conditions, film thickness, growth rate, and

O/Ge atomic concentration in the films. Film A is substoichiometric: germania.

Films B-F have an O/Ge atomic ratio which lies between 2.0 and 2.5(+5%) and is

independent of sputtering gas composition. There is sufficient 0 in Films B-F

to fully form saturated Ge bonds. The local bonding unit is therefore assumed

to be the Ge-O 4 tetrahedron.

Film color changes from red-brown (A) to very pale brown (B) to almost im-

perceptable pale brown (C) to clear (D, E, and F) as the Ar content of the gas

is decreased from 80 to 0%.

Figure la shows the UV-visible transmission characteristics of the film+



substrate composite. Films B, C, and D., all nominally germania, show increased

absorption in the film of a featureless tail which extends into the visible as

the gas Ar content is increased from 0 to 60%. Transmittance in the 800-2000 nm

range is >90% for Films B, C, and D, and not shown in Fig. 1. The IR behavior

of Film A, GeO1 .85, is shown in Fig. lb.

Figure 2 shows the near absorption edge behavior of Films B, C, D, E, and F.

Data was taken relative to a bare substrate and represents absorption by the

film alone. An absorption 'band at %245 nm is observed here. This band has been

extensively studied in fused germania (1,2,4,6,9,12,15). Following Vergano and

Uhlmann (6), and assigning the band to an F' center (0 vacancy + two trapped e ),

the defect concentration was calculated using Smakula's relationship. The re-

sults are recorded in Table II.

TABLE I: Deposition Conditions and O/Ge Concentration for GeO x Films

Cathode Film Thick- Growth O/Ge
Film Gas Voltage (V)a ness (nn.) Rate (nm/min) Conc.

A Ar-20%02  2200 1120 6.2 1.85
B Ar-40%02  2100 1160 8.2 2.22

C Ar-60%02  2100 850 4.7 2.30

D 100%02 2000 828 3.5 2.27

E 100%02 2000 430 3.6 2.00

F 100%02 2000 -210 3.5 2 .00b

a) peak-to-peak voltage required to maintain a 300W discharge.
b) measured by x-ray photoelectron spectroscopy.

(la) 100 _ (Ib) 100"

50 jB 50.

ItI
A A

0 - - - ..- 0

2 3 4 5 6 7 8 2 10 zo

W A V E LE N G T H (100 nm)

Fig 1: Transmittance through the film+substrate composite as a function of the
wavelength of the incident radiation: Film A, Ar-20%02 ; Film B, Ar-40%02 ;
Film C, Ar-60%02; Film D, I00%02.



The refractive index, calculated from Eq. (3) is shown in Fig. 3 as a fun-

ction of the wavelength of incident radiation in the energy region hv<E . In-0

cluded in Fig. 3 is a schematic drawing of the variation of n(X) with X in

the vicinity of an absorption band. The increase in n(X) for A%< 350 nm, that

is, as the fundamental optical absorption edge is approached in Films C, D, and

E, demonstrates this behavior. The bars in Fig. 3 are not error symbols, they

represent the range of A (X1-X2 ) over which the calculation was made.

TABLE II: Defect Concentrationa and Optical Energy Band Gap of GeO x Films.

Film Gas Defect Conc. (N/cm3) E. (eV) Ao (rim)

A Ar-20%02  - 11.1 1230BAr-40%0, 1 .x!O 193.0 415
C Ar-60%02  1.2x10 9  4.3 290
D 100%0 2  2.4x10 18  4.5 275

E 100%0 2  3.Ox10 18  4.5 275
F 100%0 2 4.5 275

a)+ 35% error in measuring peak half width (Ref. 6).
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Fig. 2: Optical absorption as a function of the wavelength of the incident
radiation.
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.ii.3: a) The refractive index calculated from Eq. [3] for [hc/X]=[hv]<E o .

b) The variation of n(X) with A in the vicinity of an absorption band

centered at Xc"

.-.-.- ----------------------------------------------------------

The results presented above show the influence of Ar on the sputter depo-

sition of films which are nominally germania (GeO where 2.0<x<2.3). These

effects include an increase in the UV-visible absorption and a decrease in the

energy of the optical band gap as the Ar content of the sputtering gas is incre-

ased. No change in film chemistry accompanies these changes in optical behav-

ior. These results are attributed to the disruption of Ge-O bonding by ArG-4
bombardment of the growing film and will be the subject of further study.
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